The reduction of iron oxide minerals and uranium in model metal reducers in the genus Geobacter is mediated by conductive pili composed primarily of a structurally divergent pilin peptide that is otherwise recognized, processed and assembled in the inner membrane by a conserved Type IVa pilus apparatus. Electronic coupling among the peptides is promoted upon assembly, allowing the discharge of respiratory electrons at rates that greatly exceed the rates of cellular respiration. Harnessing the unique properties of these conductive appendages and their peptide building blocks in metal bioremediation will require understanding of how the pilins assemble to form a protein nanowire with specialized sites for metal immobilization. Also important are insights into how cells assemble the pili to make an electroactive matrix and grow on electrodes as biofilms that harvest electrical currents from the oxidation of waste organic substrates. Genetic engineering shows promise to modulate the properties of the peptide building blocks, protein nanowires and current-harvesting biofilms for various applications. This minireview discusses what is known about the pilus material properties and reactions they catalyse and how this information can be harnessed in nanotechnology, bioremediation and bioenergy applications.
Introduction
The evolution of biological complexity is intimately connected with molecular self-assembly processes that spontaneously arrange proteins or peptides in precise configurations to enable new functions. The geometric assembly of proteins leads, for example, to the formation of molecular nanomachines and hyperstructures such as the ATP synthase complex and the cytoskeletal microtubules respectively (Alfaro-Aco and Petry, 2015; Ruhle and Leister, 2015) . Proteins can also self-assemble in planar geometric configurations to make the S-layer lattices of some bacteria and archaea (Sleytr et al., 2014) and into distinctive 3D geometries such as bacterial intracellular microcompartments and viral capsids (Uetrecht et al., 2011; Sutter et al., 2017) . These natural designs have inspired the synthesis of novel nanomaterials and protocols for protein functionalization and controlled association that modulate the material's properties and enable new functions (Yang et al., 2016) . The selfassembly properties of some peptides have also attracted substantial interest in nanotechnology. The osteointegration of orthopaedic and dental titanium implants can, for example, be improved with coatings of bifunctional peptides selected for their ability to simultaneously bind the titanium alloy and the targeted tissue (Yazici et al., 2013) . Peptide self-assemblies have also inspired designs of molecular surface coatings used in cell adhesion assays (Chen et al., 1997) and biosensors (Templin et al., 2002; Bertone and Snyder, 2005; Ma et al., 2012; Gupta et al., 2016) . Moreover, peptides can be printed onto solid surfaces in defined array geometries to develop platforms for the screening of antibodies (immunoassays), other proteins and peptides (study of protein-protein interactions), synthetic ligands (drug discovery) or small molecules (protein-metabolite interactions) (Gupta et al., 2016) .
Many bacteria rely on the self-assembly of helical peptides known as pilins to form Type IV pili (T4P), protein appendages that protrude outside the cells to perform a variety of extracellular functions (Craig and Li, 2008; Maier and Wong, 2015) . The ability of T4 pilins to polymerize spontaneously via hydrophobic interactions has inspired 'bottom-up' fabrication protocols for the synthesis of protein nanotubes (Audette et al., 2004a,b) and biocoatings that prevent the corrosion of metallic implants (Muruve et al., 2016) . The discovery that metalreducing bacteria in the genus Geobacter produce conductive T4P for the reduction of ferric (Fe[III] ) oxide minerals (Reguera et al., 2005) and the uranyl cation (Cologgi et al., 2011) suggests novel applications are to be harnessed from the unique electronic and metal binding properties of these protein filaments and their peptide building blocks.
The ability of Geobacter T4P to function as protein nanowires contrasts with other metal-reducing bacteria such as Shewanella species, which secrete soluble flavin mediators to shuttle respiratory electrons to extracellular electron acceptors (Kotloski and Gralnick, 2013) . The model representative Shewanella oneidensis MR-1 was also assumed to produce pilus 'nanowires' (Gorby et al., 2006; El-Naggar et al., 2010) , although MR-1 T4P had previously been shown to be nonconductive (Reguera et al., 2005) . These 'nanowires' were later found to be dehydrated forms of outer membrane extensions, which this bacterium forms by fusing outer membrane vesicles (Pirbadian et al., 2014) . Theoretical studies suggest that the clusters of outer membrane c-type cytochromes (c-Cyts) that decorate the MR-1 extensions could diffuse and collide to enable charge transport in vivo (Subramanian et al., 2018) . However, this model is yet to be validated experimentally. Thus, the T4P of Geobacter bacteria are to this date the only microbial protein appendages with demonstrated capacity to function as nanowires.
The conductive T4P of Geobacter also mediate cellcell aggregation ( Fig. 1 ) and the formation of biofilms on electrodes that harvest electrical currents from the oxidation of organic acids (Reguera et al., 2006 (Reguera et al., , 2007 Steidl et al., 2016) . Genetic engineering can be applied to improve the robustness of the electrode-associated biofilms at the oxidation of mixes of fermentation byproducts under industrial relevant conditions (Speers and Reguera, 2012a,b; Speers et al., 2014) . Furthermore, the bioelectrodes can be retrofitted into fermenters to prevent the accumulation of unwanted products, simultaneously improving the efficiency of the fermentation and enriching for the added-value chemical to facilitate its purification in downstream steps (Awate et al., 2017) . By powering electro-fermentations, the electroactive biofilms improve the economic feasibility of fermentation-based approaches that harvest energy from waste organic substrates (Awate et al., 2017) .
Harnessing the biological reactions catalysed by the conductive T4P will require better understanding of the material's properties and the biological mechanisms that allow Geobacter cells to integrate these protein nanowires in the respiratory machinery of the cell. This mini-review highlights the seminal studies that have provided novel insights into these critical aspects of T4P functionality, highlighting those that the author views as having the most significant potential to harness the unique properties of these protein nanowires in energy-related applications, nanotechnology and bioremediation.
A nanowire pathway for metal reduction T4P are produced by a wide variety of Gram-negative bacteria, from pathogens such as Pseudomonas and Neisseria spp. to environmental bacteria in the Myxococcus and Shewanella genera, and they have more recently been described in Gram-positive bacteria (Pelicic, 2008) . They are dynamic filaments that undergo cycles of polymerization and depolymerization of primarily one pilin peptide, to promote, among other functions, attachment to and/or translocation on surfaces, binding and uptake of DNA, and/or cell-cell aggregation and biofilm formation (Craig and Li, 2008; Maier and Wong, 2015) . The genomes of several Geobacter bacteria encode all of the genes needed to make a functional T4P apparatus, but the pilin gene encodes a uniquely short peptide (Reguera et al., 2005) . Genetic studies in the model representative Geobacter sulfurreducens (GS) have provided insights into how the cells assemble the GS pilin into a conductive fibre. However, little is known about how respiratory electrons are discharged through the T4P, partly because mutations that inactivate key electron carriers of the cell envelope, whether the T4P or c-Cyts, are often pleiotropic (Kim et al., 2005 (Kim et al., , 2006 Kim and Lovley, 2008; Cologgi et al., 2011; Richter et al., 2012; Steidl et al., 2016) . As a result, compensatory effects are often observed that can mask the true phenotype of the mutants. These studies highlight how tightly integrated are the T4P in the respiratory machinery of the cell envelope, where c-Cyts are the most abundant electron carriers. A few inactivating T4P mutations have been reported, however, which do not affect the expression of c-Cyts (Richter et al., 2012; Speers et al., 2016; Steidl et al., 2016) . These studies are particularly important to understand the role of the conductive T4P as electronic conduits between the cell and extracellular electron acceptors.
Conductive T4P and c-Cyts team up
Geobacter T4P are assembled on one side of the cell only (Reguera et al., 2005) (Fig. 1 ). This contrasts with the preferential polar localization of T4P in other bacteria, which promotes the formation of a polar, retractable bundle of T4P to reduce cell surface friction and enhance the pulling motion needed to translocate cells on surfaces (Mattick, 2002; Jarrell and McBride, 2008) .
Perhaps not surprisingly, T4P-mediated motility has never been demonstrated in Geobacter bacteria although cells have functional T4P motors needed to retract the fibres (Speers et al., 2016) . Yet, the monolateral assembly of conductive T4P in Geobacter concentrates a great number of the appendages on one side of the cell, expanding its redox-active surface beyond the confines of the outer membrane and maximizing the chances of establishing electronic contact with the extracellular electron acceptor. This is particularly important during the reduction in Fe(III) oxides, the natural electron acceptor for Geobacter bacteria (Fig. 2) . Fe(III) oxide minerals are particularly abundant in sediments and soils (Straub et al., 2005) . The most bioavailable of the Fe(III) oxide phases (e.g. ferrihydrate) is dispersed in these environments and transform rapidly into more crystalline mineral phases such as goethite and haematite (Lentini et al., 2012) . The dense monolateral network of conductive T4P allows the cell to rapidly access the dispersed minerals so they can be reduced before they are abiotically transformed into more recalcitrant phases. Discharging electrons onto the minerals is predicted to be fast. The charge transport capacity of individual pilus fibres purified free of metal and organic cofactors (~1 billion electrons per second at 100 mV) is, for example, two orders of magnitude greater than the rates of iron oxide respiration per cell . These measurements were obtained for purified pilus fibres deposited onto a substrate without extensive evaporation and/or chemical fixation . Although these conditions preserved the structural and electronic signatures described for cellassociated pili (Veazey et al., 2011) , the assay was performed with T4P immobilized on a surface. This contrasts with the in-vivo conditions, where the fibres undergo antagonistic cycles of protrusion and retraction and experience motions that are predicted to promote electronic coupling and charge transport (Feliciano et al., 2015) . Thus, the charge transport rates estimated in vitro (Lampa-Pastirk et al., 2016) may in fact underestimate the true transport capacity of the T4P in vivo. Furthermore, numerous fibres protrude from one side of the cell at any given time ( Fig. 1) , providing many opportunities for electronic contact with the extracellular electron acceptor and rapid discharges of respiratory electrons. The conductive T4P are also the primary mechanism for the reduction of the uranyl cation (UO 2 2+ ) (Cologgi et al., 2011) . The fibres bind the soluble cation extracellularly and discharge respiratory electrons to reduce the U(VI) to a mononuclear U(IV) mineral phase (Cologgi et al., 2011) . This reductive reaction effectively mineralizes the radionuclide outside the cell and prevents its permeation and nonspecific reduction in the cell envelope (Cologgi et al., 2011) . Thus, the protein nanowires provide a dual strategy for energy conservation and cellular protection from the toxic uranyl cation.
Geobacter cells also express substantial quantities of c-Cyts during the reduction in metals (Shi et al., 2016) . These c-Cyts localize to the inner membrane, periplasmic space and outer membrane, providing a potential path for the transfer of electrons to the cell surface. Micrographs of uranium-reducing cells show some spots of uranium mineralization on the cell surface, which could correspond to reductive foci of outer membrane c-Cyts (Cologgi et al., 2011) . However, in contrast to the positive correlation between piliation and extracellular uranium mineralization (Cologgi et al., 2011) , a reverse correlation exists between the outer membrane haem content and the amount of uranium that is mineralized outside the cell and prevented from traversing the outer membrane (Reguera, 2012) . This suggests that outer membrane c-Cyts provide secondary reductive foci on the outer membrane, yet their contribution to mineralization is small compared to the conductive T4P.
Although abundant in the cell envelope, there is little sequence conservation among c-Cyts from Geobacter bacteria (Butler et al., 2010) . This suggests that c-Cyt abundance and perhaps the redox potentials that they operate at, rather than specific c-Cyts, may be important during metal reduction. The periplasmic c-Cyts PpcA and PpcD are particularly abundant in the cell envelope and are conserved among Geobacter species (Butler et al., 2010) . These c-Cyts are predicted to contribute to the proton motive force by coupling the transport of electrons to protons, although using different mechanisms (Pessanha et al., 2006; Morgado et al., 2010) . Energy transduction by these c-Cyts can be sustained over a wide range of redox potentials (mid-point potential versus the standard hydrogen electrode ranges from À0.167 to À0.109 V in PpcA and from À0.202 to À0.146 V in PpcD), allowing them to function as intermediate electron carriers to more than one redox partner (Morgado et al., 2010) . The exposure of the base of the T4P fibres in the periplasm offers opportunities for interactions with the periplasmic electron carriers and electron discharges via the T4P pathway (Fig. 2) . Periplasmic c-Cyts have also been proposed to contribute to the capacitance of the cell envelope. The content of c-Cyts in the cell envelope increases substantially under electron acceptor limitation and promotes the storage of approximately 10 7 electrons per cell (EsteveNunez et al., 2008) . This storage capacity is estimated to allow cells to support maintenance metabolic rates for 8 minutes (Esteve-Nunez et al., 2008) . By functioning as a capacitor, the abundant periplasmic c-Cyts could store electrons at the base of the T4P until the appendages make electronic contact with the extracellular electron acceptor and the charges can be discharged (Fig. 2) . Furthermore, the storage of electrons in the c-Cyts maintains proton pumping across the inner membrane, sustaining the electrochemical gradient that supports ATP synthesis in the cytoplasm. This provides a mechanism to energize cycles of pilin polymerization and depolymerization to maximize the chances of establishing productive interactions between the T4P and the extracellular electron acceptor (Fig. 2) . At this point, the c-Cyt capacitors could function as a charge injection system, discharging the electrons via the T4P and reducing the T4P-bound electron acceptor (Fig. 2 ).
Dynamic assembly of the GS pilin during metal reduction
The Geobacter T4P pili consist primarily of a single pilin peptide, or PilA (Cologgi et al., 2011) . The peptide is synthesized as a precursor (prepilin) carrying a leader peptide (Richter et al., 2012) . The sequence and length of this leader peptide have been traditionally used to classify bacterial pilins in the T4a and T4b classes (Giltner et al., 2012) . At the sequence level, the GS leader peptide has the conserved features of T4a pilins, including a conserved recognition site for its cleavage by a dedicated, membrane-bound peptidase (PilD) (Richter et al., 2012) (Fig. 2) . Furthermore, upon cleavage, a mature peptide is produced with a conserved phenylalanine amino acid in position +1 (E1), which is N-methylated in most T4a pilins prior to the assembly of the peptide (Giltner et al., 2012) . The leader peptides of T4a pilins also tend to be shorter (6-7 residues long) than those carried by T4b pilins (15 to 30 residues) (Giltner et al., 2012) . However, transcriptional and biochemical studies (Juarez et al., 2009; Richter et al., 2012) suggest that the GS prepilin is synthesized as two isoforms carrying a short (10 amino acids) and long (29 amino acids) leader peptide. Both isoforms are recognized and cleaved at the inner membrane by the PilD peptidase. Yet, the short isoform accumulates in the cytoplasm and plays roles in the cytoplasmic stabilization of the long isoform and the secretion of some outer membrane c-Cyts (Richter et al., 2012) . Post-translational modification of the pilin's tyrosine 32 with a glycerophosphate has also been proposed to be important for pili functionality (Richter et al., 2017) . The assembly of the mature GS pilin is predicted to follow the conserved mechanisms of other bacterial T4P (Fig. 2) . The proteins encoded in the pilMNOPQ cluster initiate the formation of the biogenesis apparatus across the outer and inner membranes (Karuppiah et al., 2013) . In Myxococcus xanthus, another delta-proteobacterium, assembly is initiated with the formation of the PilQ secretin ring on the outer membrane and the recruitment of the inner membrane PilP lipoprotein and the PilNO subcomplex (Friedrich et al., 2014) . The cytoplasmic protein PilM is then recruited by PilNO, an association that changes the orientation of PilM to promote interactions with the assembly protein PilC at the base of the pilus (Friedrich et al., 2014) . As in M. xanthus, the GS PilC is encoded in a separate gene cluster (pilBTCSRA) containing the genes that code for the sensor (pilS) and response regulator (pilR) of pilus biogenesis (Juarez et al., 2009) and the operon containing the pilA gene (pilA-N, encoding the PilA pilin) and a gene encoding a hypothetical protein (pilA-C) (Reguera et al., 2005) . The cluster also includes the pilB and PilT4 genes, which code for the PilB and PilT4 ATPases that interact with PilC to power the extension and retraction of the T4P respectively (Speers et al., 2016; Steidl et al., 2016) . The antagonistic cycles of protrusion and retraction powered by PilB and PilT4 allow the conductive T4P to effectively bind and reduce extracellular metals and then detach the reduced minerals, respectively (Fig. 2) . Furthermore, the dynamic cycles of polymerization and depolymerization recycle the pilins in the membrane allowing the cells to repolymerize the T4P rapidly and continue to breath (Speers et al., 2016) .
The GS genome harbors three other PilT paralogues, but only PilT4 is essential for metal reduction (Speers et al., 2016) . Consistent with its role as the main retraction ATPase, PilT4 rescues the T4P retraction and twitching motility defects of a PilT-deficient mutant of P. aeruginosa (Speers et al., 2016) . The GS PilT paralogue PilT3 also rescues twitching motility in the PilTdeficient mutant of P. aeruginosa and is the only GS PilT paralogue that restores the piliation levels of planktonic cells and the biofilm thickness of the hyperpiliated Pseudomonas PilT -strain (Speers et al., 2016 ). Yet, the inactivation of GS PilT3 in its native host only causes delays in the initiation of Fe(III) oxide reduction and biofilm formation, in agreement with the reduced adhesion phenotypes reported for secondary PilT motors (Speers et al., 2016) . This suggests that PilT3 works coordinately with the main PilT motor, PilT4, to modulate the retraction of the T4P during metal reduction and biofilm formation. By fine-tuning T4P retraction, PilT3 could modulate the frequency and force of pilin depolymerization, as reported for the PilT paralogues of M. xanthus (Clausen et al., 2009) , but adapted to the unique role of the GS T4P in metal respiration. The reduction of Fe(III) oxides by the conductive T4P, for example, solubilizes one-third of the ferric iron (Fe[III] ) as the ferrous ion (Fe[II] aq ) and leaves the remaining Fe(II) as magnetite, a mineral of mix ferric-ferrous valence that remains bound to the T4P (Fig. 2) (Reguera et al., 2005) . Yet, the reduction of the uranyl cation produces a fine-grained, mononuclear mineral phase of U(IV) (Cologgi et al., 2011) , whose effective detachment from the T4P may require less retraction forces. However, the frequency of retraction may increase during the respiration of the uranyl cation to prevent its permeation and mineralization inside the cell envelope. In support of this, the respiration of the uranyl cation by GS cells generates less energy for growth than predicted thermodynamically (Sanford et al., 2007) . This could be due to the increased energy cost of powering more frequent cycles of T4P protrusion and retraction.
Geobacter T4P: a paradigm in structure and function
The GS pilin is a divergent T4a pilin
The most distinctive feature of the GS pilin is perhaps its short size (Reguera et al., 2005) . This has major structural implications that are relevant to its role as a building block to make conductive T4P (Feliciano et al., 2012) . Figure 3 illustrates this by comparing the GS pilin to the pilin of P. aeruginosa strain K (PAK pilin), which serves as a structural model for other T4a pilins (Hazes et al., 2000; Craig et al., 2003; Audette et al., 2004a,b; Winther-Larsen et al., 2007) . The mature GS pilin is, for example, 61 amino acids long, whereas T4a pilins are typically 150-175 amino acids long (Giltner et al., 2012) . Despite being relative short (142-amino acids long), the PAK pilin retains the domain architecture of bacterial T4a pilins, which comprises an a1 domain (an a-helical, amino-terminal domain spanning approximately 53 amino acids) and a carboxy-terminal globular head with an ab-loop domain, an antiparallel b-sheet region, and a carboxy-terminal D-region flanked by two conserved cysteines (Fig. 3) . Electrostatic interactions between the bsheet region and amino acids of the top half of the helix domain (a1-C helix) link the two structural modules together and allow the globular head to engulf as much as half of the upper portion of the peptide's a-helix (Craig and Li, 2008) . By contrast, the structure of the GS pilin resolved in micelles by NMR (Reardon and Mueller, 2013 ) is that of a peptide with the conserved hydrophobic a1 domain, which spans approximately 52 amino acids, and a short (9 amino acids) carboxy-terminal random coiled segment (Fig. 3) . The GS a1 domain also retains a phenylalanine in position +1 (F1) and a glutamic acid residue in position +5 (E5), which interact in neighbouring pilins to align the peptides during assembly (Feliciano et al., 2015; Steidl et al., 2016) . Thus, the GS pilin retains the conserved structure (a1 domain) and amino acids (F1 and E5 residues) needed for pilin assembly (Feliciano et al., 2015) . But it lacks the globular head that neutralizes the natural dipole of the a1 domain in other pilins. As a result, the GS pilin has a strong electrostatic field along the helix axis that is predicted to accelerate the rates of electron transfer through the helical peptide (Feliciano et al., 2012) . Furthermore, the GS pilin lacks the more insulating b-strand conformations (Shin et al., 2003) , a structural property that contributes to creating a peptide environment optimal for charge transport (Feliciano et al., 2012) . Consistent with these predictions, the GS pilin assembly is conductive whereas PAK pilins form insulating T4P . Phylogenetic analyses of bacterial T4 pilins and their close relatives (pseudopilins) in Type II secretion systems place the GS pilin in an independent line of descent with other short T4a pilins in the order Desulfuromonadales (Reguera et al., 2005) . As of 2016, the clade of short GS-like pilins had been estimated to comprise 77% of all the T4a sequences in the Desulfuromonadales (Holmes et al., 2016) . Sequence comparisons within the clade reveal a high degree of conservation, as expected of proteins (and genes) subjected to strong positive selection (Holmes et al., 2016) . This is consistent with the specialized role of these T4a pilins in the formation of protein nanowires for the reduction in soluble and insoluble metals. Also, unlike other T4a pilins, the gene encoding the precursor of the short pilins (pilA-N) is organized in an operon with a gene (pilA-C) coding for a hypothetical protein (Reguera et al., 2005; Holmes et al., 2016) . The PilA-C protein contains domains that could fold as antiparallel b-sheets, a structural feature found in the globular head of canonical T4a pilins . This has led to the suggestion that the genes encoding PilA-N (pilin precursor) and PilA-C (hypothetical protein) originated from the duplication of an ancestral full-length pilin gene that lost the peptide's carboxyl-(pilA-N) or amino-(pilA-C) terminal regions . The need to respire extracellular electron acceptors may indeed have exerted evolutionary pressure on an ancestral full-length pilin to lose the more insulating b-strands and acquire a predominantly a-helical configuration for increased electronic coupling (Feliciano et al., 2012) . This event could explain the evolution of the short PilA-N pilins but is unlikely to explain how it could have selected for the bstranded PilA-C peptide. Furthermore, pilA-C sequences, although under positive selection, are highly divergent and cluster in two separate phylogenetic clades, suggesting they evolved from different ancestral sequences (Holmes et al., 2016) . This suggests that Pil-C could play biological functions relevant to pili-mediated functions in the environment, yet it is unlikely to share the same pilin ancestor.
Coherent versus incoherent T4P conductance, that is the question
Ab initio simulations of the GS pilin modelled in solution reveal contributions of aromatic residues (tyrosines and phenylalanines) to the HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) states that could promote intramolecular electron transfer reactions (Feliciano et al., 2012) . The HOMO and LUMO regions are also located in regions of the pilin predicted to align once the peptides assemble, offering opportunities for intermolecular electron transfer via HOMO-LUMO and LUMO-LUMO interactions (Feliciano et al., 2012) . Consistent with this, scanning tunnelling microscopy (STM) of the conductive GS T4P reveals a rich electronic molecular structure (Veazey et al., 2011) that is absent in the insulating PAK T4P . The electronic features of individual GS fibres resolved in STM images have periodicities matching the structural periodicities (major and minor grooves) of other bacterial T4P (Veazey et al., Fig. 3 . Domain architecture (top) and molecular structure (bottom) of the PAK (PDB, 1oqw) and the GS (PDB, 2m7g) pilins. The PAK has the canonical architecture of bacterial pilins: a1-helix (light grey) and ab-loop (blue) domains followed by a b-stranded region (dark grey) and the conserved D-region (purple) containing a disulphide bond between two cysteine residues (in red). The structure of the GS pilin is truncated and reduced to an a1-helix domain and a short random coiled segment at the carboxy-terminus (in blue). The distribution of aromatic residues (F, phenylanine, in green; Y, tyrosine, in orange) along the PAK and GS pilin sequences is also shown in the top panel. 2011), which result from the alignment of T4a pilins with a conserved 10.5-A rise (Craig et al., 2006) . However, the periodic structural features of the GS T4P have electronic states near the Fermi level that are typical of conducting materials (Veazey et al., 2011) .
The unique electronic structure of the GS T4P has motivated studies aimed at understanding the mechanism underlying its conductivity. One way to do this is to investigate how the conductivity of the material responds to extrinsic parameters such as temperature and pH. Crude preparations of pili sheared off the cell and dried overnight on interdigitated gold electrodes are conductive and display metallic-like responses to temperature and pH (Malvankar et al., 2011) . These results are, however, difficult to interpret because the redox-active haem groups from c-Cyts remain in the pili sample, even after treatment with a reductant to unfold the haem-containing proteins. Furthermore, the native structure of the T4P could have been compromised after extensively drying the sample onto the electrodes prior to probing its conductivity (Strycharz-Glaven and Tender, 2012). The crude sample was also analysed by X-ray powder diffraction and the d-spacing of the diffraction peak at 25°(3.5 A) was interpreted as an indication of p-orbital overlap and charge delocalization caused by the stacking of aromatic side-chains in p-p configurations (Malvankar et al., 2011) . Concerns have been raised about this interpretation as well, partly because the contribution from c-Cyts and other sample contaminants to the diffraction effects was never assessed . Electrochemical studies of pili preparations spun coated onto interdigitated electrodes and probed in an aqueous buffered environment also suggest that the GS T4P could support ohmic electron conduction in solution (Ing et al., 2017 ). Yet, again, the pili samples used in these experiments are not pure. Indeed, AFM imaging revealed substantial contamination by 'globular debris', which the authors acknowledged could correspond to contaminating proteins, including c-Cyts, and nonproteinaceous cell material (Ing et al., 2017) . Furthermore, the crude preparation was spuncoated onto the electrodes, a deposition approach that subjects the sample to sequential steps of dehydration.
The proposal that GS T4P can function as metallic wires is provocative and reminiscent of the first descriptions of DNA molecules as 'pi-way' conductors or 'wires' (Turro and Barton, 1998) . It is widely accepted now that long-range charge transport in DNA occurs primarily via a multistep hopping mechanism in which guanine base pairs function as carriers of the positive charge (Giese, 2002) . Conflicting interpretations about the nature of DNA conductivity have been linked to the sensitivity of transport measurements to the purity of the samples, intrinsic properties of the DNA molecule (such as conformation and length), and extrinsic parameters that modulate these properties (e.g., humidity) (Yamahata et al., 2008) . Evidence is also emerging in support for a mechanism of GS T4P conductance dominated by multistep hopping (Feliciano et al., 2015) . Single molecule conductivity measurements have been particularly useful to investigate how the GS T4P protein matrix permits long-range electron transfer in the absence of inorganic and organic cofactors . Charge transport along individual T4P fibres probed without substantial dehydration is, for example, thermally activated at biological potentials (100-200 mV), a hallmark of incoherent redox conductivity . A similar thermal dependence has been demonstrated for living electroactive biofilms (Yates et al., 2015) , which are permeated by the conductive T4P network to maintain optimal rates of charge transport and biofilm growth . Further supporting the hopping model of T4P conductance, the carrier mobility of individual fibres (3.2 9 10 À2 cm 2 V À1 s
À1
) (Lampa-Pastirk et al., 2016) is orders of magnitude lower than the mobilities (> 1 cm 2 V À1 s À1 ) that would be needed to describe pilus charge transport according to band theory (Polizzi et al., 2012) . Evidence for p-p stacking of aromatic side-chains in the pilus fibres, as proposed in the metallic model, is also lacking. In the absence of experimental verification of the T4P structure, insights into interaromatic distances and the configuration of the aromatic side-chains have been gained from computational models built using homologous T4P structures (Bonanni et al., 2013; Reardon and Mueller, 2013; Feliciano et al., 2015; Malvankar et al., 2015; Xiao et al., 2016) . Although the distribution of aromatic residues in these models varies, none have the sandwich-type dimer geometries that are needed to allow for p-p orbital stacking and metallic conductivity. Only one of these models has been optimized in molecular dynamics (MD) to improve the accuracy of the structural predictions (Feliciano et al., 2015) . Structural assumptions in this model were minimized using experimentally validated structures of the GS pilin (Reardon and Mueller, 2013) and the T4P template (the Neisseria ghonorrhoeae T4P) (Craig et al., 2006 ). The homology model was then subjected to MD simulations in solution to refine it to higher resolution, reduce uncertainties and mimic the in-vivo solvation and dynamics of the Geobacter T4P. Furthermore, the model was tested experimentally to confirm its predictive value. Figure 4 shows a snapshot of the structure of the MD-optimized GS fibre and the paths of aromatic side-chains predicted to transport charges axially and transversally (Feliciano et al., 2015) . Some aromatic rings in these paths cluster at distances between 3.5 and 5 A but the aromatic contacts do not form at the same time, as in a wire. Furthermore, the geometric configuration of the contacts is of the parallel-displaced or T-shaped type, which is too disorganized to provide the type of charge delocalization expected for a metallic conductor (Feliciano et al., 2015) . Energy-minimized models, although nondynamic and rigid and, therefore, more prone to clustering artifacts, have reproduced similar geometric configurations as well . The lack of perfectly aligned aromatic geometries in all the T4P models is not unexpected considering the substantial energy investment that would be required to maintain such rigid configurations. The formation of sandwich-type aromatic dimers will also require a matrix environment with minimal molecular motions, as even small displacements decrease tunnelling rates through the stacked aromatic rings significantly (Bredas et al., 2002) . It is difficult to envision how these fluctuations could be prevented in T4P, which are built with flexible, helical peptides (Fig. 4) to accommodate to the antagonistic cycles of fibre extension and retraction that they undergo in vivo (Fig. 2 ). Yet, these very same dynamic features could promote and even accelerate in-vivo transport via multistep hopping. The physiological relevance of the hopping mechanism also needs to consider how aromatic side-chains can function as relay stations at the low biological potentials that operate in vivo, as demonstrated for a number of other proteins (Bennati et al., 2003; Stubbe, 2003; Stubbe et al., 2003; Yee et al., 2003) . The MD model of the GS T4P predicts an electrostatic environment around the aromatic residues that could favour the transient protonation of acidic residues to reduce the oxidation potential of neighbouring tyrosines to the levels needed to function as relay amino acids in vivo (Feliciano et al., 2015) . Such mechanism of proton-coupled electron transfer tunes the redox activity of aromatic residues to enable fast rates of charge transport despite the low potentials that operate in biological systems Reece and Nocera, 2009) . Indeed, whereas the oxidization of tyrosine (TyrOH) to its radical cation (TyrO NHE) (Hammarstrom and Styring, 2011) . In the pili, these electrochemical potentials are further modulated by the acidic and basic side-chains from neighbouring amino acids, which function as proton acceptors and donors for the tyrosine respectively. The sequential or simultaneous transfer of a proton and electron also makes this mechanism of charge hopping sensitive to the local pH. The proton-coupled potential of tyrosine decreases, for example, in 59 mV increments for each pH unit changed between À2 and 10 ( Hammarstrom and Styring, 2011) . This is particularly relevant in electroactive biofilms, where the pH is lower in the region closer to the electrode than in the upper stratum (Franks et al., 2009; Babauta et al., 2012) . As a result, a pH gradient is established that has been proposed to tune the rates of pilus charge transport and electronic interactions with the matrix-associated c-Cyts . This may enable the mechanistic stratification of the biofilms, with T4P and c-Cyts operating coordinately to transfer electrons in the more acidic layers closer to the electrode . Yet, as the biofilms grow in thickness, the pH gradient dissipates and the T4P progressively become the primary mechanism for charge transport . This is also the upper region of the biofilm where diffusion constraints limit the rate of electron transfer via c-Cyts, making electron discharges via the T4P critical to maintain optimal growth of the cells via respiration .
Metal trapping and reduction at the pilus surface
The ability of the conductive T4P to strongly bind the soluble uranyl cation and reduce it to a mineral form (Cologgi et al., 2011) suggests that ligands exist on the pilus surface that function as metal traps. Furthermore, these surface motifs must be close to exposed aromatic residues to permit the transfer of electrons and the reduction of the bound metal. The atomic environment modelled from T4P-bound uranium L III -edge Extended Xray Absorption Spectroscopy spectra is consistent with a metal trap containing two carboxyl ligands in opposite orientations (Cologgi et al., 2011) . The MD model of the T4P fibre shows most of the negatively charged chains concentrated on the pilus surface and in regions surrounding the solvent-exposed carboxy-terminal segment of each pilin in the assembly (Feliciano et al., 2015) . These surface motifs provide several acidic pair combinations suitable for metal trapping and include one of the carboxyl ligands of the pilin's random coil segment, which has the flexibility and exposure needed to promote metal binding (Fig. 5) . The caging of uranium by these carboxyl ligands also positions the metal atom close to the most exposed tyrosine (Y57), which is predicted to catalyse the last step in electron transfer to extracellular electron acceptors (Feliciano et al., 2015) . The spatial distance between the caged metal and the tyrosine is less than 2 nm, a distance optimal for tunnelling (Gray and Winkler, 2005) . The proximity of the carboxyl ligands to the tyrosine also favours its deprotonation, which could reduce the oxidation potential of the aromatic sidechain to promote fast rates of electron transfer to the pilus-bound metal via a proton-coupled hopping mechanism Reece and Nocera, 2009) .
In the MD model of the conductive T4P, most of the positively charged chains are buried in the pilus fibre core (Feliciano et al., 2015) , a surface property that enhances the binding capacity of the metal traps (Fig. 5) . The surface of the T4P contains but a few, small positively charged regions surrounded by regions of neutral charge, a configuration that minimizes electron trapping (Feliciano et al., 2015) . This electrostatic surface distribution is expected to favour the axial flow of electrons through the aromatic contacts in the fibre's inner core until the acidic ligands in the trap bind the cationic metal. At this point, the surface negative charges are neutralized, permitting the transversal flow of electrons to the exposed tyrosine (Y57) and the reduction of the bound metal.
Synthetic biology goes electronic
Harnessing pilin self-assembly in hybrid electronic devices
The complex electronic properties that result from the tight and helical assembly of the Geobacter pilins and nanowire dimensions could allow for hopping regimes to operate in vivo along with other modes of conduction. Some regions of the GS T4P are aromatic free yet bring adjacent helices sufficiently close to each other to support interchain tunnelling (Fig. 4) . This mechanism of hybrid conduction has been demonstrated in planar assemblies of GS pilin derivatives produced via recombinant techniques (Cosert et al., 2017) and is analogous to the spatial transition between tunnelling and hopping regimes that allows 'tour wires' (molecular wires of oligo (p-phenylene ethynylene) and derivatives) to efficiently transport charges throughout long distances (Lu et al., 2009) . The recombinant GS pilins carry a truncation in the first 19 amino acids, which are needed for in-vivo assembly, but retain most of the a1 domain that is needed for self-assembly via hydrophobic interactions (Fig. 6 ). Once engineered with an amino-terminal cysteine tag, the peptides self-assemble as an ordered and dense monolayer attached to gold electrodes (Cosert et al., 2017) . The truncated peptides carry all of the aromatic residues needed for electronic coupling and charge transport in the T4P (Feliciano et al., 2015) . Yet, in the planar peptide assembly, the aromatic rings cluster closer to the electrode, vertically stratifying the monolayers as an aromatic-rich bottom stratum and an aromatic-free zone of tightly packed helices in the upper region of the assembly (Fig. 6) . On the other hand, the metal traps are concentrated on top of the monolayer, exposed to the solvent (Fig. 6) .
The pilin monolayers are conductive and display the distance response (weakly dependent and exponential) of hopping and tunnelling respectively (Cosert et al., 2017) (Fig. 6) . The crossover from the hopping to the tunnelling mechanism matches the spatial transition from aromatic-rich to aromatic-free regions in the monolayer. In addition, the concentration of aromatic side-chains closer to the electrode effectively 'dopes' the pilins at the amino-terminus and leads to voltage-dependent rectification whereby the upward flow of electrons (towards the metal traps exposed to the solvent) is favoured at low (100 mV) voltages (Cosert et al., 2017) . Rectification is likely enhanced by the positively charged side-chains that surround the aromatic residues in this region, as they can locally compress the helix to modulate the interaromatic distances as a function of the applied voltage (Cosert et al., 2017) . Genetic engineering could be used to tune the rectification, dopant effect and metal binding affinity of the monolayers to develop sensors and deployable devices for bioremediation and biomining. Because the stratification of aromatic-free and rich regions in the monolayers mirrors the distribution of aromatics in the T4P, a similar hybrid mechanism may operate in the T4P to promote long-range charge transport . This suggests that genetic engineering approaches such as those proposed for the pilin monolayers could also be applied to modulate the material's properties of protein nanowires for niche applications.
Industrial microbiology wires up
The conductive T4P also promote interactions leading to cell-cell aggregation (Fig. 1) (Reguera et al., 2007) and formation of electroactive biofilms (Reguera et al., 2006 (Reguera et al., , 2007 . The ability of biofilms to couple growth to current generation depends on the ability of the T4P to conduct electrons (Vargas et al., 2013; Feliciano et al., 2015) and stabilize and support the biofilm matrix as the cells grow away from the electrode (Reguera et al., 2007) . The stabilization of bacterial biofilm matrices has been proposed to involve electrostatic interactions between T4P and other matrix-associated components (Chen and Stewart, 2002; Flemming and Wingender, 2010) . Consistent with this, biofilms of an Asp2 mutant, which produces pili with alanine replacements in two acidic residues of the pilin to neutralize the net negative charge of the pilus surface charge, are delayed in current initiation by almost 12 h and reach half the current yields of the wild-type (Feliciano et al., 2015) . This phenotype is similar to the phenotype of mutant biofilms that express Tyr3 T4P (Feliciano et al., 2015) , which carry alanine replacements in the pilin's three tyrosines that increase the electrical resistance of the assembled fibres fivefold . This suggests that the discharge of respiratory electrons by biofilm cells depends on both the conductivity of the T4P and their ability to establish productive interactions with matrix-associated c-Cyts .
As biofilms grow on the electrode, they reach a threshold thickness of about 10 lm that limits the diffusion of the c-Cyts and their ability to transport charges. This leads to the progressive accumulation of reduced cCyts in the biofilm matrix (Liu and Bond, 2012) and the generation of a redox gradient that provides the driving force for electrons to flow towards the underlying electrode (Snider et al., 2012) . To alleviate the electronacceptor limitation imposed by the c-Cyts, cells in this upper stratum use the conductive T4P network as the primary path for electron discharges . The dynamics of the T4P are also important in the biofilm matrix. Antagonistic cycles of protrusion and retraction have been proposed to allow the cells to coordinate interactions with matrix-associated c-Cyts and to modulate cell-cell distances, so nutrient diffusion and charge transport through the biofilms is not limited (Speers et al., 2016) . In support of this, mutants unable to retract the T4P are hyperpiliated, aggregate tightly and form denser biofilms on the electrodes, yet the rates of charge discharge per cell are reduced compared to the wild type (Speers et al., 2016) .
By allowing the cells to continue to grow at a distance from the anode electrode, the T4P promote the harvesting of current from the oxidation of electron donors and proportionally to the biofilm thickness (Reguera et al., 2006) . GS biofilms grown on anode electrodes (bioanodes) can harvest current from the oxidization of common fermentation byproducts such as acetate, formate and lactate, but only acetate is efficiently assimilated for carbon and/or oxidized by the biofilms (Speers and Reguera, 2012a,b) . Genetic engineering has been successfully applied to develop bioanodes with greater tolerance to alcohol products and more efficient metabolism of the electron donors Awate et al., 2017) . These improvements permitted the operation of the bioanodes as 'scrubbers' of unwanted fermentation products produced during ethanologenic fermentations (Awate et al., 2017) . Inactivating hydrogen uptake in the bioanode cells also makes possible the operation of commercial reactors as a single-chambered microbial electrolysis cell, an electrochemical system that uses the electricity harvested at the bioanode to produce hydrogen fuel at the cathode (Awate et al., 2017) . Powering fermentations with bioanodes (anodic electro-fermentations) prevents the accumulation of feedback inhibitors in the broth, stimulates the rates of fermentation and increases product titres and productivity (Speers and Reguera, 2012b; Awate et al., 2017) . Anodic electro-fermentations can also prevent pH imbalances, reduce batch-to-batch variability and increase product quality (Awate et al., 2017) . As a result, the value-added product is enriched in the fermentation broth, reducing the steps and costs associated with its downstream purification. The genetic amenability of the bioanodes thus offers opportunities to custom-tailor their activities for syntrophic interactions with specific fermentation partners and develop electro-fermentations with the economics needed for industrial implementation.
Conclusions and outlook
The ability of a peptide assembly such as the GS T4P to transport electrons at lm distances is especially significant for applications in nanotechnology. The demonstration that recombinant techniques can be applied to synthesize conductive pilin derivatives (Cosert et al., 2017) shows promise to develop sustainable manufacturing protocols for the mass-production of pilin-inspired peptides. These derivatives can be functionalized via genetic engineering to modulate the specificity of their interactions with substrates, which could enable simple protocols for the manufacturing of peptide arrays with multiplex functionality for sensing applications.
Information about the amino acid residues and structural features of the pilin that contribute to its self-assembly also merits investigation as it could be used to promote the self-assembly of the peptide building blocks in a cell-free environment and manufacture protein nanowires in vitro. Recombinant peptides could be designed to modulate the morphology of the supramolecular assembly and tune the optical and conductive properties of the material (Tao et al., 2017) . Knowledge about the amino acids that mediate the conductivity is also critical to manipulate the conductive properties of the peptides and assemblies. Moreover, the functionalization of the peptides via genetic engineering could be harnessed to add chemical tags for the selective and specific integration of the nanowires into electronic devices. The ability to design and mass-produce generations of protein nanowires using recombinant peptides as building blocks and their assembly in a cell-free environment contrasts with the harsh protocols and specialized equipment that is traditionally needed to fabricate inorganic nanowires (Long et al., 2012) and the challenges that still remain for their functionalization (Cui et al., 2001; Fennell et al., 2016) . Conductive peptides and protein nanowires also circumvent major concerns about the toxicity of many conductive nanomaterials, which could facilitate their commercial implementation (Love et al., 2012) . Thus, novel applications could be envisioned that capitalize on the biocompatibility of these novel materials in nanoelectronics and nanomedicine.
Of special interest for bioremediation applications is the natural ability of Geobacter pili to bind and reductively precipitate cationic metal contaminants such as the uranyl cation (Cologgi et al., 2011) . Sensors could be developed that harness the planar self-assembly of pilin derivatives, their conductivity and concentration of metal traps on the surface to increase the sensitivity of detection (Cosert et al., 2017) . Because metal binding is mediated by acidic amino acid ligands, genetic engineering could be used to fine-tune the binding kinetics and specificity and reach the selectivity needed for environmental sensing applications. The ability to mass-produce recombinant pilin peptides that retain their metal trap (Cosert et al., 2017) also opens opportunities to functionalize inexpensive materials suitable for deployment and in-situ immobilization of metal contaminants. Such platforms could enable the bioremediation of environments impacted by a wide range of cationic metals such as uranium, cadmium and cobalt. Because metal trapping is mediated by electrostatic interactions, the same or similar platforms could also be employed for the reclamation of precious and rare metals such as gold, silver and lanthanides.
The role of Geobacter T4P as electron carriers in current-harvesting biofilms is also significant for a number of energy-related applications (Borole et al., 2011) . The conductive pili permeate the biofilms and electronically connect the cells to other electron carriers of the biofilm matrix (e.g. c-Cyts) and the underlying electrode . Understanding the interactions between pili and matrix-associated c-Cyts could provide strategies to optimize current harvesting by biofilms, particularly in the lower biofilm stratum (~10-lm thick) where these electron carriers cooperate to maintain optimum rates of electron transfer. As the biofilms grow in thickness, the ability of the c-Cyts to efficiently transport charges decreases and the pili become the primary mechanism for electron transfer by the biofilm cells . Genetic manipulation of the number of T4P produced per cell or their rates of charge transport could effectively alleviate the electron acceptor limitation imposed by the accumulation of reduced c-Cyts in the top layers of thick biofilms and improve the performance of bioanodes. In addition to stacking more cells on electrodes, the GS pili and, to a lesser extent, matrix-associated c-Cyts, enhance the capacity of cells in biofilms to bind and reduce soluble, toxic metals such as the uranyl cation (Cologgi et al., 2014) , a catalytic activity that could be harnessed to develop permeable biobarriers for the in-situ bioremediation of metal contaminants.
Harnessing the power of electroactive biofilms also needs to consider strategies to improve the metabolic versatility of the biofilm cells. Bioanodes show promise as scrubbers of fermentation inhibitors (Speers and Reguera, 2012a,b; Speers et al., 2014; Awate et al., 2017) . Thus, they could be scaled up for their integration into industrial fermenters (electro-fermentations). Anodic electro-fermentations circumvent many of the limitations that prevent the implementation of otherwise attractive fermentation-based technologies at the industrial level. The success of these technologies will ultimately depend on our ability to manufacture bioanodes with the robustness and scales needed for operation in industrial fermentations. Lower scales may also be considered to design decentralized electro-fermentation platforms that harness the syntrophic interactions of fermentative bacteria with bioanodes to treat a wide range of wastewaters and promote water reuse. Environmental studies of mixed species biofilms could advance these applications greatly. Fe(III) oxide minerals are abundant in soils and sediments and provide both an electron acceptor and a surface for the growth of electroactive biofilms. These biofilms are integral components of the consortia that participate in the decomposition of organic matter and the cycling of metals, including toxic metals. The interactions that drive the functioning of these environmental consortia could inspire the design of synthetic electroactive communities and novel bioenergy and bioremediation platforms to harvest energy from waste organic matter and immobilize contaminants.
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